Odontoma in a 255-Million-Year-Old Mammalian Forebear
Distinctive mammalian traits, such as endothermy (warmbloodedness), a muscular diaphragm, large brain size, fur, and a highly specialized dentition, including diphyodonty, prismatic enamel, and a functionally regionalized tooth row (heterodonty) , are the product of more than 300 million years of evolutionary divergence from reptiles and other tetrapods.
1 The sequence and timing of these adaptations are captured in the fossil record of premammalian synapsids (Figure 1 ), but an understanding of the evolutionary context of mammalian disease, including cancer, remains elusive. We report the first instance, to our knowledge, of a tumor in a 255-million-yearold mammalian forebear and comment on the implications for establishing the phylogenetic and physiological conditions under which such pathologic features first arose.
Methods | Fossil thin-sectioning protocol is well established, and the resultant data are an increasingly significant tool in understanding the physiologic mechanisms and evolution of extinct animals. 2 Despite the relative abundance of gorgonopsian fossils, few histologic observations have been made of their jaws. The anterior right dentary of a gorgonopsian was prepared by embedding the specimen in a clear polyester resin. Thin (approximately 2 cm) wafers of the embedded specimen were cut using a precision slow-speed saw and then mounted onto glass slides. Sections were ground to a final thickness of approximately 100 μm using a variable-speed grinder and polisher. The root of the lower canine and associated pathological tissues were examined and imaged under regular and cross-polarized light. Institutional review board approval was waived for this study because no live specimens were used.
Results | Histologic sections present ectopic toothlike structures that were not apparent from the external morphologic features of the mandible (Figure 2) . The lesions are located adjacent to the labial edge of the functional canine root, and each resembles a miniature tooth with an internal cavity, dentine as evidenced by the presence of tubules, and a thin outer covering of enamel. Up to 8 lesions of varying diameter (approximately 0.3-3.9 mm) can be observed on an individual slide, with consecutive slides revealing that their shape and arrangement change along the apical-cervical axis of the canine root. Apically, the lesions are circular and cluster around the mesial edge of the canine root. Incursion of the lesions into the root of the canine coincides with the loss of cementum and dentine in the latter. Moving cervically, the masses erode even further into the functional tooth root. Midroot, some of the lesions lose their circular cross-sectional shape and become more amorphous, although continuing to maintain similar tissues and tissue boundaries. Near the cervical region of the canine root, the lesions slightly retreat from their incursion and penetrate further into the bone of the jaw. At this cervical end, the pathologic features return to a circular cross-section and cluster together. The mammalian and reptilian lines diverged approximately 320 million years ago, with the group that included extant mammals appearing approximately 165 million years ago. Gorgonopsians (in blue) lacked many canonical mammalian features, such as large brain size, diphyodonty, distinct thoracic and lumbar vertebrae, and 3 middle ear ossicles, which evolved later along the lineage marked 1. Odontomas have been recognized in the groups indicated by stars (gorgonopsians, humans, horses, mammoths, and deer).
Discussion | Histologic examination reveals that this ancient condition closely resembles compound odontoma.
3 In humans, compound odontoma is characterized by fully differentiated enamel and dentine organized into miniature teeth that can cause resorption of the functional tooth root, 3 all of which mirror our paleohistologic observations. Odontomas are the most common odontogenic tumors, 3 but their cause is poorly understood. Interestingly, odontomas have been reported in a handful of fossil mammals up to a few million years old 4,5 but were previously unknown in deep premammalian evolutionary history. Recognition of odontoma in such a distant relative of humans suggests that this condition is unlikely related to characteristics of mammalian dentition or physiologic features but rather evolved much earlier in vertebrate evolution. More broadly, the fossil record has the potential to provide an evolutionary context for modern pathologic features with left-sided tumors were shown to have better prognosis and lower risk of death in all stages compared with rightsided tumors. As the authors mention, different embryologic origin and poor histological and genetic features, including a higher rate of diploidy, mucinous histologic findings, microsatellite instability, CpG island methylation, and BRAF mutation in right-sided tumors, and more frequent p53 and KRAS mutations in left-sided tumors might explain the difference in prognosis, but the exact mechanism is not known. Recent studies note that microbiome may also have a role in colon carcinogenesis. Some bacteria are particularly more likely to be involved because the association between cancer and these microorganisms has been repeatedly shown. Differences in the flora of proximal and distal colon may result in a different biology and prognosis for colorectal cancer. For example, Fusobacterium nucleatum, which is a highly invasive, gram-negative anaerobic bacterium, is one of the probable pathogens shown to be associated with colon cancer risk as well as more advanced stage and worse prognosis.
2 In a recent study, Mima et al 3 assessed 1102 rectal and colon carcinomas and measured the amount of F nucleatum DNA in colorectal tumor tissue using a quantitative polymerase chain reaction assay and equally dichotomized F nucleatumpositive cases (high vs low). The proportion of F nucleatumhigh colorectal cancers gradually increased from rectal cancers (2.5% [4 of 157]) to cecal cancers (11% [19 of 178]), with a statistically significant linear trend along all subsites (P < .001). This study shows that microbiome is not uniform throughout proximal and distal colon. Metagenomic analyses of the colon microbiome might show parallel findings of divergent flora between proximal and distal colon and might further illuminate the pathogenesis of sidedness, yielding implications for treatment and prevention.
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